Abstract In this paper, we propose an impact finite element (FE) model for an airbag landing buffer system. First, an impact FE model has been formulated for a typical airbag landing buffer system. We use the independence of the structure FE model from the full impact FE model to develop a hierarchical updating scheme for the recovery module FE model and the airbag system FE model. Second, we define impact responses at key points to compare the computational and experimental results to resolve the inconsistency between the experimental data sampling frequency and experimental triggering. To determine the typical characteristics of the impact dynamics response of the airbag landing buffer system, we present the impact response confidence factors (IRCFs) to evaluate how consistent the computational and experiment results are. An error function is defined between the experimental and computational results at key points of the impact response (KPIR) to serve as a modified objective function. A radial basis function (RBF) is introduced to construct updating variables for a surrogate model for updating the objective function, thereby converting the FE model updating problem to a soluble optimization problem. Finally, the developed method has been validated using an experimental and computational study on the impact dynamics of a classic airbag landing buffer system.
Introduction
Research funding can be conserved and the research cycle can be shortened by constructing an accurate and reliable dynamics model for an airbag landing buffer. Simulation analysis could be used to study the impact dynamics of the airbag during the landing buffer process. However, for computational efficiency, the FE model needs to be simplified. For example, only the sealing effect of a fabric coating could be considered and its mechanical performance could be neglected. Another example would be to assume that the pressure inside the airbag is spatially uniform. These simplifications can produce errors between the computational and experimental results. The computational accuracy of the impact FE model of the airbag landing buffer system can be improved by model updating using experimental data.
Over the last thirty years, model updating technology has been developed in detail in the structure dynamics field. Numerous researchers have developed many finite element (FE) model updating methods for application in various fields in structure dynamics. The updating method, which is based on modal parameters, was the first of these methods to be developed and has had the widest application.
1-3 Go¨ge adopted an updating method in which the modal frequency and vibrational sensitivity were used to update the finite element model for an Airbus A320 aircraft wing containing an engine pod, and frequency response function data were used to verify the reliability of the updating model. 4 Dascotte et al. studied the impact of updating results using a weight coefficient matrix selection an iterative scheme. 5 D'ambrogio and Fregolent showed that under certain conditions, modal parameter errors caused by experimental mode identification could be greater than errors resulting from an imprecise theoretical model. 6 Therefore, researchers have considered many modal parameter combinations as methods for updating the objective function. Thonon and Golinval used vibration-type related coefficients to provide supplementary information for the natural frequency in model updating. 7 Hanson et al. performed model updating using an anti-resonance frequency, which could have served as an effective supplement to the resonance frequency but relied largely on the updating variables that were selected and their values. 8 In addition, in recent years, developments in computer technology and uncertainty analysis theory have introduced new concepts into model updating. Goller et al. studied the uncertainty updating method within a Bayesian framework and applied this method to complex aero-structure model updating problems; the updating efficiency was greatly improved using a neural network. 9, 10 The statistical characteristics of a response are very difficult to obtain when there is an insufficient number of supporting samples. Khodaparast et al. developed several non-probabilistic updating methods using surrogate model technology and validated these methods using experimental and numerical examples. 11, 12 Research on model updating problems considering nonlinear factors began relatively recently in the 1990s. Hemez and Doebling considered a system with multiple degrees of freedom and compared two updating schemes based on the least squares method and principal component decomposition for a transient time domain response; they also summarized model updating methods for nonlinear systems that are based on time domain signals and discussed key challenges. 13, 14 Schultze and Hemez et al. used the response characteristics to extract and compress the data size and used a surrogate model to complete model updating for impact problems with uncertainty. 15 Hasselman et al. qualitatively and quantitatively studied the correlations, updating and uncertainty in a nonlinear model using principal component decomposition: the model was verified using numerical examples. 16 Li and Law developed a self-adaptive Tikhonov regularization method to update a nonlinear model in the presence of relatively high measured noise and compared the results with those obtained using a regular regularization model updating method. 17 Lenaerts et al. performed model updating on a nonlinear system using the proper orthogonal decomposition (POD) method and converted the model updating problem to an optimization problem by constructing a residual objective function using a proper orthogonal mode (POM) and experimental results. 18 He et al. investigated an updating problem for a structure dynamics model in a thermal environment using a radial basis surrogate model based on hierarchical concepts. 19 Updating an impact FE model is a nonlinear problem that is relatively difficult to study. Experimental triggering, the sampling frequency, etc. usually result in the experimentally measured impact response not being synchronized with the computational impact response, which causes a significant disturbance in updating the impact dynamics model. In addition, an impact dynamics experiment typically has a long experimental cycle, and only a few experiments can be performed because of factors such as safety and cost. Therefore, a very limited amount of impact response experimental data can be obtained. If there are too many model updating variables (such as the parameter for the recovery module structural dynamics, the airbag internal pressure and the fabric thickness), this limited amount of impact response experimental data cannot satisfy the requirements of the updating scheme for the impact dynamics model.
In this study, we develop an updating method for an impact FE model of an airbag landing buffer system. First, the independence between the FE model for the recovery module structure and the airbag model are considered to develop a multi-step updating model. This multi-step updating scheme solves the problem of having a limited number of experimental samples and too many updating variables. In this study, the dynamics model for the recovery structure is accurately updated using a modal experiment. After completing the dynamics model updating for the recovery module structure, the updated dynamic parameters of the structure are used as known values to update the airbag parameters using the experimental data for the impact response. We use the multi-step updating method to reduce the maximum number of updating variables that are introduced into the final impact FE model, thereby reducing the experimental data required for the impact response experiment.
The measurement sensors used in the experiment have triggering level problems; thus, it is well-known that the experimental triggering time can be inconsistent with the initial time defined in the impact FE model. This inconsistency can lead to a discrepancy between the time at which the experimentally measured impact overloading peak occurs and the time at which the computed overloading peak occurs. Therefore, the impact overloading from the experimental and computational results cannot be compared directly at the same point in time.
In this study, we use the impact peak time as a reference and the impact overloading response at equal time intervals on both sides of the impact peak time to construct an impact overloading response sequence to accurately resolve the time drift between the experimental and computational results. In addition, because the impact response data at the peak time and on both sides of the peak time can largely capture the shape of the impact overloading response curve, we use the confidence factor of the impact response to evaluate the coherence between the computational and experimental impact overloading curves.
Finally, we use the impact response series at key time points to determine the error function between the computational and experiment results for the impact overloading. This error function then serves as a modified objective function. The radial basis function (RBF) method is used to update a surrogate model for the objective that depends on the updating variables. The updated results are obtained by optimizing the surrogate model.
Hierarchical FE model updating concept
An airbag landing buffer system has two parts: a recovery module and an airbag. During the overall landing buffer process, the system can be regarded as a local nonlinear system. In the dynamics substructure synthesis method, 20 the entire system can be divided into two substructures: a recovery module substructure and an airbag substructure. The finite element method can usually be used to discretize the airbag landing buffer system and develop equations for the impact dynamics of the system. We assume that the recovery module does not receive any external impact and neglect system damping. Then, the equations can be divided based on the degrees of freedom in the system. The dynamics equations for the recovery module substructure and the airbag substructure can be expressed in the following general form, respectively: In the substructure synthesis method, 20 the substructure must satisfy a generalized displacement continuity condition and an interfacial force compatibility condition.
Eqs. (1)- (3) can be used to derive the impact dynamics equation for the original system.
It is obvious that Eq. (2) is typically a nonlinear equation, which exhibits the following characteristics: (a) there is a nonlinear relationship between the internal pressure and the compression of the airbag; and (b) the contact between the airbag and the landing surfaces is nonlinear.
Then, it is not difficult to show that K b depends on the current deformation u b and contact states of the airbag d.
In a typical design, the elastic deformation generated by the body structure of the recovery module during the airbag landing buffer process should satisfy the assumption of small deformations. Therefore, both M r and K r in Eq. (1) are constant matrices. This result shows that the dynamics FE model of the recovery module structure can still be described using a linear system; thus, the dynamic response of the system to the interfacial force F r j can be computed using a mode superposition method.
The characteristics of the airbag landing recovery system in the landing buffer process are determined by performing a recovery module mode experiment. The recovery module model parameters are then updated such that the characteristics of the dynamics FE model for the recovery module structure matches those measured in the mode experiment. The updated recovery module FE model parameters are then used to formulate an impact FE model for the overall airbag landing buffer system. An impact dynamics experiment is then performed. These experimental results are in turn used to update the airbag model parameters.
RBF method
The RBF is the commonly used surrogate model technique in optimization, structural health monitoring and model updating. It is constructed by a series of basic functions which are symmetric and centered at each sampling point as one type of method for scattered multivariate data interpolation to replace the full finite element mathematical model. Usually, the sampling points are determined by experimental design methods (DOE), such as full factorial design (FFD) and central composite design (CCD). The idea of the surrogate model is shown in Fig. 1 . In this section, we give a brief overview of RBF.
A generalized form of the RBF predictor for a system with n sampling points can be written based on the equation of the RBF, given in Eq. (6) as fðxÞ ¼
where / the basis function, and k i the weighted coefficient to be determined. kx À x i k is the Euler distance between an updating variable x and the ith sample point x i . For convenience, we denote that r = kx-x i k. Then, the most commonly used basis functions are listed as follows:
where c is the coefficient that can be determined by the cross validation method.
Substituting the function values at n sample points into Eq. (6) and letting
Eq. (7) can be rewritten in matrix form as
where
Most of the basis functions used in RBF is strongly nonlinear functions. Thus, when the response values contain obviously linear components, it is difficult to obtain satisfactory results using the global approximation function model, which is constructed from a simple RBF. To solve this problem, Fang et al. combined classic response surface methodology (RSM) with RBF 21 to derive Eq. (10).
where m is the order of the RSM model, q s (x) is a sth order polynomial, and b s (s = 1, 2, ..., m) represents the weight coefficients to be determined. Introducing the orthogonal condition.
substitute Eq. (11) into Eq. (10) and combine the result with Eq. (10) to obtain the following matrix equation
Eq. (12) shows that the undetermined coefficients k and b can be derived using a given actual f value. Then, the computed undetermined coefficients k and b can be substituted into Eq. (10) to derive the approximate system response f (x).
Updating impact FE model

Impact response confidence factor (IRCF)
The primary characteristics of the impact response are the amplitude and the pulse width. In this study, key points in time corresponding to the peak and on both sides of the peak are selected. The consistency between the computational and experimental results is evaluated from the results at these key points. Let us denote the actual measured impact overloading by a, the time at which the experimentally measured impact overloading peak occurs by t 0 and the actual measured peak overloading by a 0 . We consider equal time intervals Dt to extract the impact response overloading values at the overloading peak and on both sides of the peak. All of the impact responses at the 2n + 1 time points are then used to construct the overloading sequence at the experimentally measured key points.
Let us denote the computed impact overloading by a the time of the computational impact overloading peak as t 0 and the computed peak overloading by a 0 . The computed impact overloading values at the overloading peak time and at 2n points on both sides of the peak (which results in a total of 2n + 1 time points) can be similarly used to construct the impact overloading sequence at key time points. Usually, the experimental triggering time does not synchronize with the initial time of the computational model, i.e., t 0 -t 0 . However, Eqs. (13) and (14) show that the impact overloading sequence at key time points actually captures the shape and the characteristics of the impact response curve around the peak.
Then, the IRCF can be defined as
The RAC value is an indicator to verify the accuracy of the FE model. It is obvious that as the RAC value approaches 1.0, the computational results become more consistent with the experimental results, i.e., the impact FE model becomes more accurate.
Updating objective
Let us consider a total of l updating variables in the FE model, and denote the updated sample points obtained by combining l updating variables as follows:
An impact FE model for the airbag landing buffer system can be formulated at any updating sample point x. Dynamic computation is then used to obtain the impact overloading response and the impact overloading sequence a c (x) is constructed at key time points. The impact overloading sequence a t can be similarly obtained at key time points from the experimentally measured impact overloading.
Let us denote the error between the experimentally measured impact of the overloading sequence a t and the computed impact of the overloading sequence a c (x) at key points in time as follows: e ¼ a t À a c ðxÞ ð 17Þ
We define the impact overloading sequence error function as T , for example. The actual updated sample point x should be chosen to minimize the error function f(x). Therefore, the updating problem can be converted to an optimization problem.
where x l and x u are the upper and lower limits respectively. The airbag landing buffer FE model is relatively complex; thus, the corresponding dynamics analysis involves nonlinear factors such as contact inequality constraints and large deformations, and an explicit function relating the model parameter x to the system impact response cannot be developed. That is, the model parameter x cannot be used to determine an explicit expression for f(x), as shown in Eq. (18) .
Thus, a nonlinear transient finite element analysis program is used to construct the updating variable sampling space x 1 , x 2 , ..., x l from which the impact overloading can be calculated at every sample point. After extracting the impact overloading sequence at the key time points, the RBF method is used to construct the surrogate model f using Eq. (18) . This surrogate model then replaces the actual error function in Eq. (18) in the optimization analysis, as shown below:
Based on the discussion above, the following procedure is advised to update the flow for the impact FE model. (17) and (18) The detailed process of model updating of airbag buffer system is shown in Fig. 2 .
Numerical example for updating an impact FE model for an airbag system
Experimental system
The experimental airbag landing buffer system consists of three airbags connected to each other at their bottoms and a recovery bracket, as shown in Fig. 3 . The bracket was made of steel plate with a uniform thickness and a total mass of 3.0 kg. There were three circular steel plates at the bottom while an equilateral triangular steel plate on the top. Three steel buttress plates were used here to connect the top and bottom plates. The bolt holes were symmetrically distributed on the triangular plate to make it easy for installing the mass blocks and the acceleration sensors. Fig. 4 shows the design for the impact dynamics experiment for the airbag landing buffer system. Before the experiment, the whole buffer system was lifted to a preset height and position using a bridge crane and a winch. Then, the control bomb hook was engaged to completely and freely drop the airbag landing system. A BW14108 acceleration sensor was used to measure the landing overloading of the recovery bracket, and a dynamic signal analyzer Agilent 35670 was used to collect and record the acceleration signals.
FE model of airbag system
An FE model based on the experimental apparatus was developed to describe the impact dynamics of the airbag landing buffer system. Shell elements were used to model the recovery bracket and 6-DOF (degrees of freedom) springs unit were used to simulate the equivalent stiffness of the screw connection between the steel plate and the circular plate and between the steel buttress plate and the triangular plate. Membrane elements were used to model the airbag fabric; cable elements were used to model the airbag external shrink rope. The air inside the airbag was assumed to be as the ideal gas and can be described by using the ideal gas equation. The master-slave contact algorithm was used to simulate the interaction between the airbag model and the bottom of the recovery bracket model. The developed FE model for the airbag landing buffer system is shown in Fig. 5 .
Updating FE model for structure of recovery bracket
Following the hierarchical updating scheme presented in Section 2, a mode experiment was used to update the FE model for the recovery bracket structure. In the experiment, three circular plates were fixed at the bottom, and a hammering method was used to measure the mode of the recovery bracket. I-DEAS was used to identify the natural frequency of the recovery bracket and the corresponding types of vibration.
Preliminary simulations showed that the rotational stiffness of the 6-DOF spring unit (which was used to simulate the screw connection) was not sensitive to the modal analysis results. The numbers of updating variables were reduced by defining a screw rotational stiffness. The translational stiffness, the thickness, the elastic modulus and the density of the screw were selected as updating variables. Table 1 shows the updating variables in the parameter design space.
In Table 1 , k 1 , k 2 and k 3 denote the equivalent stiffness of the screw connection in the X, Y and Z directions.
An orthogonal experimental design was used, resulting in a total of 50 sampling points, as shown in Table 2 . In which, p 1 to p 6 correspond to the normalized values of k 1 , k 2 , k 3 , the thickness, the elastic modulus and the density of the recovery bracket in Table 1 , respectively.
For every sample point in Table 2 , MSC.Nastran was used to calculate the natural frequency of the recovery bracket. The sum of the absolute values of the weights for the residue between the first 4 orders of the measured natural frequencies for the recovery bracket and the corresponding computed natural frequencies are defined in Eq. (21). 
Lower limit 300.00 300.00 300.00 2.9 190 7800 Upper limit 6000.0 6000.0 6000.0 3.1 220 8000 Table 2 Design matrix and normalized values of objective functions obtained from FE analysis of recovery bracket.
In Eq. (21), x i is the actual measured ith order natural frequency, x i (p) is the ith natural frequency that was computed using an FE model for the recovery bracket structure based on the sample points p, where p = [p 1 p 2 ...
T . The weight coefficients are denoted by w i , where
The actual updated sample points p should minimize Eq. (21), i.e., the updating problem for the FE model of the recovery bracket structure is converted into an optimization problem:
ð23Þ Table 2 shows the values of E that was derived using various sample points. The surrogate model for E was constructed using Eqs. (10) and (12) in which the inverse multi-quadric function is chosen to be the RBF basis, and a genetic algorithm was then used to obtain the optimal solution. The choice of the weight coefficients can directly impact the updating results. To ensure that each modal component contributed to the objective function as evenly as possible, w i = 1/x i was selected as the weight coefficient for various orders of the modal coefficients. 22 In this study, our objective was to develop an updating method for an impact FE model of an airbag landing buffer system; thus, developing an optimization algorithm was outside the scope of this study and only the updated results are shown in Table 3 . Table 4 shows that the computational results obtained by updating the FE model were reasonably consistent with the experimentally measured results. To verify the computational accuracy of the updated FE model, a recovery free-free mode experiment was performed. The results for the experimentally measured first 7 orders of natural frequencies and the computed natural frequency for the recovery bracket are compared in Table 5 . Table 5 shows that the errors for the first 7 orders of natural frequencies between the experimental and computational results for the recovery bracket were all less than 5%. It can be observed from Tables 4 and 5 that all of the modal assurance criterion (MAC) values are close to 1.0, which means the updated results for the FE model of the recovery bracket were reliable and the FE model was used for a follow-up dynamics model for the landing buffer.
Updating FE model of airbag system
The experimental plan illustrated in Fig. 4 was used in an impact dynamics experiment for the airbag landing buffer system. The airbag system was lifted up to 1.0 m above ground. Using the free release method, the contact velocity between airbag and ground was found to be 4.43 m/s. The system had a total mass of 5.9 kg. One key time point was extracted for every 1 ms interval on both sides of the experimentally obtained peak for the impact overloading. The impact overloading peak value was used to construct an impact overloading sequence a t , which was composed of 33 key points.
The airbag internal pressure and the equivalent elastic modulus of the airbag fabric were chosen as updating variables; the design space is shown in Table 6 .
The updated variables were normalized, resulting in a full factorial experimental design with two factors and 7 levels, for a total of 49 sample points. MSC. Dytran was used to compute the impact overload for the airbag landing buffer system for the FE model at each sample point x i . The impact overloading sequence a c (x i ) was similarly constructed. The error function values f(x i ) at every sample point (which were calculated based on Eq. (18), the inverse multi-quadric function is applied to forming the surrogate model as what we have done in Section 5.3) are shown in Table 7 .
Then, Eqs. (10) and (12) was used to construct a surrogate model for the error function f (x), as shown in Fig. 6 . A genetic algorithm was similarly used to optimize the surrogate model. The updated results for the parameters are shown in Table 8 .
The impact FE model for the airbag landing buffer system was developed using the updated results and the impact overloading response was computed. The computed and experimental results are compared to each other in Table 9 . Fig. 7 compares the computed and experimentally measured impact overloading curves to each other. Table 9 shows that the error between the impact overloading peak value obtained from the updated FE model and the experiment measurements is only 0.37%. In Fig. 7 , the computed impact overloading curve is very consistent with the experimentally measured curve. Eq. (15) was used to calculate that the IRCF value is 0.9985, indicating that the impact response confidence factor approaches 1.0. This result demonstrates a satisfactory updating accuracy for the updating method for the impact FE model that was developed for the airbag landing buffer system.
To verify the prediction accuracy of the impact FE model of the airbag buffer system after updating, a 1.0 kg counterweight was added to the top recovery bracket of the airbag, resulting in a total system mass of 6.9 kg, while the contact velocity between the airbag and the ground remained at 4.43 m/s. A simulation was performed for this experimental configuration using an impact FE model for the updated airbag landing buffer system. The computed and experimentally measured results for the maximum impact overloading are compared to each other in Table 10 . Table 10 shows that using the updated FE model to simulate the landing impact process for the new experimental configuration results in an error of 1.55% between the computed and experimentally measured overloading peak values. Fig. 8 shows that the computed and experimentally measured impact overloading curves are consistent with each other. The IRCF value is 0.9908, which is still near 1.0. This result demonstrates good prediction accuracy of the updated FE model.
Conclusions
(1) In this study, a hierarchical updating scheme was combined with an RBF method to construct a surrogate model for the residue between the computational and experimental results for an impact response. In addition, optimization analysis was used to update an impact FE model for an airbag landing buffer system. Numerical examples were used to show that the method developed in this study could produce highly accurate impact FE models for an airbag landing buffer system. (2) The results of this study also show that residues could be constructed between the computed and experimental results for the impact response by selecting impact response data at key points at the peak and on both sides of the peak, thereby effectively resolving the discrepancy between the sampling frequency and the experimental triggering. (3) The methods developed in this study can be generalized to solve general updating problems for impact FE models. 
